Results of a lithospheric stretching model of mid-ocean ridges suggest that the axial valley topography created at active slowspreading centers may be preserved for tens of millions of years after cessation of spreading. We simulate the evolution of a slowspreading center using a finite-element model that incorporates a temperature-dependent rheology and discrete faulting. Model results show that significant valley morphology persists after regional extension ceases because the high lithospheric viscosities associated with a slow-spreading center prevent ductile relaxation and because no effective mechanism exists to reverse rift-bounding normal faults. Removal of the axial valley can only be accomplished by reversal of the regional extensional strains immediately upon cessation of active spreading. However, such a process does not seem likely. These results suggest that the persistence of axial valleys at extinct spreading centers is consistent with a lithospheric stretching model for active slow-spreading ridges.
MODEL
We study the interplay between lithospheric stretching accommodated by discrete faults and asthenospheric stress relaxation using a time-dependent, viscoelastic, finite-element model (Melosh and Raefsky, 1981) . The two-dimensional, finite-element model spans a sufficiently long distance (300 km) from the spreading axis and great depth (150 km) beneath the sea floor to minimize the influence of far field conditions on ridge-axis processes. Assumed symmetry about the ridge-axis (x ϭ 0) allows us to model only one side of the ridge (Fig. 2) . Our rheology is based on an across-axis temperature profile midway between the center and distal end of a 50-km-long segment at a slow-spreading ridge with a half-rate of 12 mm/yr (from our three-dimensional thermal model of Shaw and Lin) . The model has a 5-km-thick crust (Young's modulus E c ϭ 8 . Viscosities are based on experimentally determined flow laws, ė ϭ A n exp (ϪQ/RT), where ė is the strain rate, A is the flow-law constant, is the differential stress, n is the power law, Q is the activation energy, R is the gas constant, and T is the absolute temperature. Crustal viscosities are based on A c ϭ 10 2 (MPa) n s
Ϫ1
, n c ϭ 3.4, and Q c ϭ 260 kJ/mol, and mantle viscosities are based on A m ϭ 10 3 (MPa) n s
, n m ϭ 3.0, and Q m ϭ 450 kJ/mol. These values are from Kirby (1983) , except for Q m , for which a smaller value was chosen to allow the base of the mechanical lithosphere to coincide with the 750 ЊC isotherm.
Seismic moment studies of Solomon et al. (1988) show that 10%-20% of sea-floor spreading at a slow-spreading ridge is accommodated by extensional faulting and the rest by magmatic emplacement. In this study we assume a lithospheric stretching rate, V ext , that equals 20% of the half-spreading rate, V o . In the cyclic faulting model of Shaw and Lin, only the innermost rift-bounding fault is active and extends from the sea floor to the base of the lithosphere (Fig. 2) . This model is self consistent in the calculated thermo-mechanical structure and fault kinematics. Assuming that active faulting occurs on a plane that minimizes the resistance due to cohesive, frictional, and plate flexural forces, Shaw and Lin have obtained a steady-state solution of cyclic faulting. For the rheological structure of Figure 2 , the solution requires that each active fault initiates at distance x i ϭ 8 km from the ridge axis at the beginning of a faulting cycle (t i ϭ 0) and increases slip to s max ϭ 1 km by the end of cycle (t f ϭ 0.4 m.y.) when the fault has traversed ⌬ x ϭ 5 km to a location x f ϭ x i ϩ ⌬x ϭ 13 km from the ridge axis. Outboard of the active fault, dormant faults are predicted at ⌬ x ϭ 5 km intervals with successive block rotation of up to ⌬ ϭ 9Њ (Shaw and Lin, 1993) (Fig. 2) . This cyclic faulting model is consistent with seismic data at the Mid-Atlantic Ridge, which indicate that active faulting is contained primarily within the flanking highs that bound the axial valley (Toomey et al., 1988; Lin and Bergman, 1990) .
We modeled the active fault by utilizing slippery nodes that allow frictionless sliding between adjacent elements along a predetermined fault plane (Melosh and Williams, 1989) . The spreading axis (x ϭ 0) is fixed horizontally, but free to displace vertically. Appropriate horizontal stretching rates are applied to the lithosphere on the right side of the model (x ϭ 300 km) to simulate active and extinct centers, respectively (see discussion in next section). To conserve mass within the model box, a parabolic counterflow is applied to the asthenosphere along the right boundary. This counterflow is equivalent to the return flow described by kinematic models of upper mantle circulation (Chase, 1979; Parmentier and Oliver, 1979) . The bottom of the model (at a depth of 150 km) is fixed vertically. The model also takes into account pressure from a 3 km water column, gravity body force, and assumes an initial lithostatic state of stress.
RESULTS
For the cyclic faulting model associated with the configuration of Figure 2 , we have calculated the corresponding stress distribution in the crust and mantle. Figure 3a shows the axial valley topography and the associated horizontal deviatoric stress, x Ϫ P, where P ϭ ( x ϩ y ϩ z )/3, at the end of a faulting cycle of a steady-state active spreading center. The stress field is controlled primarily by plate bending associated with isostasy and regional extension associated with stretching. Because these quantities do not vary significantly during a faulting cycle, the solution shown in Figure 3a can be considered as a first-order approximation of steady-state stresses. The main features in the stress field are as follows. (1) Deviatoric stresses below the 750 ЊC isotherm are insignificant except directly beneath the active fault where local strain rates are high. This demonstrates that the base of the mechanical lithosphere coincides with the 750 ЊC isotherm in our model. (2) Bending stresses associated with regional isostasy dominate the stress field. This is denoted by extensional stresses (red) overlying compression (blue) in the region of the inner valley (x Ͻ 15 km) and compression overlying extension in the region of the flanking mountains (x Ͼ 20 km). Such bending results from isostatic plate flexure in compensation of the axial valley (Lin and Parmentier, 1990; Thatcher and Hill, 1995) . (3) A nominal amount of horizontal extensional stress exists because stretching of the lithosphere was not perfectly accommodated by normal faulting. This is evident by a shift of stresses toward extension (red) in the region. (4) The active normal fault induces a nominal amount of local stresses near its base (yellow/red region beneath the 750 ЊC contour).
When an active center becomes extinct, the sea-floor spreading ceases and so does the steady-state lithospheric stretching rate, V ext . With no steady-state stretching, would the lithosphere relax enough to remove a significant portion of the axial valley? We have developed a model for an extinct center that incorporates the following features.
(1) The steady-state topography and stresses of an active center (i.e., Fig. 3a We have calculated the changes in sea-floor topography and crustal and mantle stresses at various time steps following the extinction. Figure 3b shows the topography and horizontal deviatoric stress, x Ϫ P, at 40 m.y. after extinction. Comparisons of the results of the active (Fig. 3a) and extinct (Fig. 3b ) centers reveal that, to a first order, the relaxation process has insignificant influences on the overall axial valley topography and the stress field. Slight differences, however, do exist between the active and extinct centers. In Figure 3b, deviatoric stresses have diminished in the mantle, particularly at the base of the innermost normal fault. These changes are accompanied by a small (ϳ50 m) normal faulting slip on the frictionless fault (Fig. 4b) and a reduction in overall horizontal extensional stresses (lesser red color in Fig. 3b ) from the active center. Isostatic restoring forces have slightly raised both the axial valley and flanking mountains by a small amount (ϳ100 m) relative to the seafloor far from the extinct center (Fig. 4, a and b) . This isostatic response, however, occurs over too broad a region to significantly influence axial valley topography.
DISCUSSION
The axial valley associated with an active spreading center could potentially be removed by either of two specific mechanisms: (1) ductile relaxation of the lithosphere itself; or (2) reversal of motion on rift-bounding faults. The results of our models, however, suggest that the oceanic lithosphere near a slow-spreading center is too strong to allow significant ductile flow within the crust in tens of millions of years. On such a time scale, most of the deviatoric stresses within the crust and lithospheric mantle are predicted to be preserved. The temperature distribution that would be required to allow significant ductile flow of the crust may only be found near a fast-spreading center, where low viscosities prevent the formation of an axial valley (Chen and Morgan, 1990) .
Our model also suggests that no obvious mechanism exists in which the rift-bounding normal faults can be reversed. In fact, extinction of a spreading center could lead to additional normal faulting either during the relaxation process (e.g., small normal faulting in Fig. 4b ) or due to an increase in regional extensional strain rate if the extinction process is gradual (a reduction in the supply of magma could require a larger percentage of the half-spreading rate to be accommodated by normal faulting). The only way that faults could be reversed would be to introduce a compressional strain rate to the region immediately upon cessation of active spreading. Such a mechanism does not seem likely. Because conductive cooling increases lithospheric strength with time after extinction, should a compressional event occur long after extinction, a high level of com- pressional stress would be required to reverse existing normal faults or to create new thrust faults.
The conclusion that axial valley topography is not significantly influenced by the relaxation process following extinction does not appear to be sensitive to model parameters. We adopted Shaw and Lin's cyclic faulting model as a base model for active spreading because it is self-consistent in the calculations of thermo-mechanical structure and fault kinematics. However, to minimize our reliance on any particular model, we have conducted extensive studies of other models with alternative choices of model parameters and starting topography. Examples of other modeling studies have considered effects of: (1) more than one rift-bounding normal fault active simultaneously; (2) variations in the locations and depths of both active and dormant faults; (3) different temperature cross sections; (4) alternative choices of rheological parameters; and (5) different applied strain rates. Though the details of the predicted topography and stresses vary between models, all of the studies support the main conclusion that lithosphere at a slow-spreading center has too high a viscosity to allow significant relaxation and no mechanisms exist to reverse rift-bounding normal faults.
CONCLUSIONS
We have simulated the evolution of a slow-spreading center upon cessation of active spreading in order to predict long-term changes in the axial valley. Results suggest that the axial valley created at a slow-spreading center persists because the crust is too strong to deform ductily and because no effective mechanism exists to reverse the topography created by rift-bounding normal faults. These conclusions do not appear to be sensitive to specific model parameters such as starting valley topography, rheology, or number of active faults. These results suggest that the persistence of axial valleys at extinct spreading centers is consistent with a lithospheric stretching model for active slow-spreading ridges.
